Abstract The Barents Sea is a major part of the Arctic where the Gulf Stream mixes with the cold Arctic waters. Late Cenozoic uplift and glacial erosion have resulted in hydrocarbon leakage from reservoirs, evolution of fluid flow systems, shallow gas accumulations, and hydrate formation throughout the Barents Sea. Here we integrate seismic data observations of gas hydrate accumulations along with gas hydrate stability modeling to analyze the impact of warming ocean waters in the recent past and future . Seismic observations of bottom-simulating reflectors (BSRs) indicate significant thermogenic gas input into the hydrate stability zone throughout the SW Barents Sea. The distribution of BSR is controlled primarily by fluid flow focusing features, such as gas chimneys and faults. Warming ocean bottom temperatures over the recent past and in future can result in hydrate dissociation over an area covering 0.03-38% of the SW Barents Sea.
Introduction
Gas hydrates, solid compounds of water and gas, have gained significant attention due to both their potential as a future energy resource and as a hazard to the environment. Sediments containing gas hydrates are found within specific pressure-temperature conditions in permafrost regions and abundantly beneath the seabed in continental margins [Kvenvolden, 1988] . Methane is the most abundant gas in naturally occurring gas hydrates [Kvenvolden and McMenamin, 1980] . Dissociation of gas hydrates, resulting from changes in stability conditions, and subsequent release of greenhouse gases have the potential to enhance global warming and contribute to submarine landslides [Bugge et al., 1987; Kennett et al., 2003; Maslin et al., 2010] . Gas hydrates in polar regions may be particularly sensitive to environmental variations as climate changes are felt here first and may be more severe than elsewhere [Marín-Moreno et al., 2013; Fetterer et al., 2016] .
The stability of gas hydrates in sediments is primarily affected by changes in bottom water temperature (BWT), geothermal gradient, seabed pressure, composition of the gas, and pore water salinity [Sloan, 1990] . These parameters define the region where hydrates can be stable, generally known as the gas hydrate stability zone (GHSZ). In marine sediments, the presence of gas hydrates can be inferred from an observation of bottom-simulating reflectors (BSRs) in the seismic data [Shipley et al., 1979] . The BSR represents the base of the GHSZ and originates from a large acoustic impedance contrast between overlying sediments containing hydrates and the underlying zone of free gas that accumulates beneath the hydrates. The BSR is normally characterized by high amplitudes and reversed polarity with respect to the seafloor reflection. It often mimics the seafloor and, therefore, may crosscut other sedimentary reflections.
The SW Barents Sea is a large petroleum province in the Norwegian Arctic region (Figure 1a) , where warm waters from the northern limb of the Gulf Stream mixes with frigid Arctic waters. The Barents Sea was affected by multiple periods of glaciations and associated glaciotectonic and erosional processes during the Cenozoic, which led to leakage of hydrocarbons from deeper reservoirs [Doré and Jensen, 1996; Henriksen et al., 2011] . Those hydrocarbons mostly accumulated in the shallow subsurface forming shallow gas accumulations and gas hydrates [Chand et al., 2012; Ostanin et al., 2012; Vadakkepuliyambatta et al., 2013] . The Barents Sea constitutes the largest shallow shelf sea in the Arctic with a vast area where gas hydrates might occur at the upper edge of stability.
Gas hydrate stability in the SW Barents Sea is highly variable, and the presence of higher-order hydrocarbons, heat flow, and salt tectonics could be some of the major factors controlling stability conditions [Chand et al., 2008] . However, considering the complex structural setting of the sedimentary basins in the SW Barents Sea and the highly variable GHSZ, more constraints on the stability parameters are necessary for a better understanding of hydrate stability. In addition, recent warming of ocean bottom temperatures (up to 1°C in the last 50 years) may have influenced gas hydrate stability [Westbrook et al., 2009; Ferré et al., 2012] . The intermixing of warm and cold water as well as their seasonal and long-term variations may cause the depletion of the gas hydrate reservoirs and subsequent release of greenhouse gases into the ocean. Situated at the northern limb of the Gulf Stream, the SW Barents Sea might thus be by far the most extensive and most sensitive gas hydrate system in the Arctic, if not worldwide. Here we employ an integrated analysis of transient hydrate stability modeling and 2-D seismic data to document the distribution of hydrate accumulations in the SW Barents Sea and the impact of warming ocean bottom waters on hydrate stability over the period 1960-2060.
Gas Hydrates in the Barents Sea
Gas hydrates are inferred from BSR in many parts of the SW Barents Sea [Andreassen et al., 1990; Løvø et al., 1990; Laberg and Andreassen, 1996; Chand et al., 2012; Ostanin et al., 2013] (Figures 1b and 1c) . Most of these gas hydrate accumulations are associated with gas chimneys and shallow gas accumulations resulting from spillage of hydrocarbons through faults and fractures [Laberg et al., 1998; Ostanin et al., 2013; Vadakkepuliyambatta et al., 2013] . Observations of deeper BSR in the seismic data from the SW Barents Sea suggest contribution of higher-order thermogenic gases [Laberg et al., 1998; Ostanin et al., 2013] , and such gas hydrates could be stable in most parts of the SW Barents Sea [Chand et al., 2008] . [Chand et al., 2012] , and geothermal gradients from wells (black contours) [Bugge et al., 2002] . Inset figure shows the present bottom water temperatures in the North Atlantic and the location of the study area. NAC, North Atlantic Current. Modeled gas hydrate stability thickness in the SW Barents Sea. (b) SI (100% methane). (c) SII (96% methane + 3% ethane + 1% propane).
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measurements from exploration well data to constrain geothermal gradients. Gas sample analyses from the area are also rare, and we utilize gas sample analyses from deep exploration wells to model site-specific gas hydrate stability thicknesses.
Methodology
Steady State and Transient Gas Hydrate Stability Modeling
The GHSZ for the whole SW Barents Sea is estimated using the CSMHYD program [Sloan and Koh, 2008] (See supporting information Text S4), using IBCAOv3 bathymetry [Jakobsson et al., 2012] , assuming a pore water salinity of 35‰, and considering variations in BWT for the period 1960-2060. The BWT in the SW Barents Sea can vary up to 2.5°C seasonally (generally, less than 1°C) [NODC, 2013] . However, it is highly unlikely that these variations could affect hydrates located more than few tens of meters below seafloor. At similar water depths in the West Svalbard region, the seasonal temperature variation is found to affect hydrates within top 5 m of surface sediments [Berndt et al., 2014] . In view of this, we use a yearly averaged observed BWTs for the period 1960-2010 [NODC, 2013] , whereas a linear increase of 1°C [Ferré et al., 2012] is used for the period 2010-2060. The diffusive transport of heat through the sediments is estimated using a 3-D finite difference heat flow model and sediment properties appropriated from well data close to Hammerfest Basin [Woodside and Messmer, 1961; Brady and Weil, 1996; Laberg et al., 1998; Waples and Waples, 2004; Duran et al., 2013] . More details on the heat flow modeling can be found in the supporting information (supporting information Text S3) [Turcotte and Schubert, 2002; Spiegelman, 2004; Gerya, 2010; Phrampus and Hornbach, 2012] . A new thermal gradient map is generated for the SW Barents Sea using corrected temperature measurements from deep boreholes [Peters and Nelson, 2009] (See supporting information Text S1) and published data [Bugge et al., 2002] (See supporting information Text S2 and Figure S2 .3), which range from 22.8 to 69.3°C/km. The higher geothermal gradients are observed close to salt domes in the Nordkapp Basin. The average geothermal gradient in the SW Barents Sea is 36°C/km. In addition to biogenic gas contributing to the formation of hydrates, thermogenic gas is suspected to be a major contributor to shallow gas, since fluid flow from deeper source rocks is widespread in the area [Vadakkepuliyambatta et al., 2013] . Consequently, we consider two different gas compositions for the regional hydrate stability modeling in the study area (SI: 100% methane and SII: 96% methane + 3% ethane + 1% propane). In addition, site-specific GHSZ depths at borehole locations are calculated using gas analysis data from individual wells (See supporting information Text S2 and Figure S2 .4) in order to further support identification of BSR in seismic data.
Identification of BSR in the Seismic Data
About 3000 industry 2-D multichannel seismic profiles (See supporting information Text S1) were used to identify potential gas hydrate accumulations in the study area using mostly the BSR as the major indicator for the presence of gas hydrates. The 2-D seismic data are from different surveys with varying data quality and resolutions acquired over several decades and processed by hydrocarbon and geophysical service industry. The gas hydrate stability models (both regional and site specific) facilitated a much-improved identification of gas hydrates and their distinction from abundant shallow gas accumulations.
Results and Discussion
Present-Day Gas Hydrate Stability Zone in the SW Barents Sea
The gas hydrate stability modeling for steady state conditions shows a highly variable GHSZ in the SW Barents Sea, influenced primarily by heat flow and BWT conforming to previous studies [Chand et al., 2008] . Pure methane hydrates (SI) are stable, generally up to 150 m below the seafloor (mbsf), mainly in the Bjørnøya Trough region (Figure 1b) . Hydrates with SII composition show much wider range of stability and can occur up to~400 mbsf (Figure 1c ). The geothermal gradient has a major influence on GHSZ thickness in few areas such as Nordkapp Basin (due to presence of salt domes) and Finnmark Platform (low geothermal gradients may be contributing to thicker GHSZ) (Figures 1b and 1c ). BWT plays a major role in the Tromsø Basin and Bjørnøya Basin (Figures 1b and 1c) . High BWTs (~6°C) and shallow water depth make gas hydrates unstable in the Tromsø Basin (Figure 1b and supporting information Text S2.1), whereas relatively low BWTs (~2°C) (and deeper water depth) in the Bjørnøya Basin provide suitable stability conditions for SI hydrates. Gas composition seems to be another factor affecting hydrate stability and GHSZ thickness irrespective of the basin structure and oceanographic conditions. The available gas composition data from exploration wells suggest
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very high local variability ( Figure S2.3) . Most of the previously observed BSR fall outside the GHSZ of SI hydrates, suggesting a predominant thermogenic input to the GHSZ in the SW Barents Sea (Figures 1b and 1c) .
Our improved GHSZ modeling in the SW Barents Sea shows a much shallower (up to~400 m) GHSZ thickness than previously estimated. Chand et al. [2008] , assuming a geothermal gradient of 22.8°C/km and SII composition, calculated a maximum possible GHSZ thickness of 800 mbsf in the Bjørnøya Trough. Although such lower geothermal gradients are present in the Nordkapp Basin, bottomhole temperature measurements from the Bjørnøya Trough show generally higher thermal gradients (>38°C/km). Nonetheless, gas composition can play a major role in increasing the GHSZ thickness. Given the variability of gas composition in the SW Barents Sea (Figure S2. 3), higher GHSZ thickness (>400 m) is conceivable.
Bottom-Simulating Reflectors in the Seismic Data
Interpretation of multichannel 2-D seismic profiles covering the whole SW Barents Sea shows numerous high-amplitude anomalies indicating shallow gas accumulations. Some of these accumulations fall close to the modeled GHSZ and exhibit seismic characteristics of a gas hydrate-related BSR (reverse polarity reflections and crosscutting the surrounding lithology) and are interpreted as such (e.g., Figures 2a and 2b) . Among the interpreted BSR, the majority lie close to the modeled base of GHSZ using gas composition SII (Figures 2b and 2d) hinting at a mostly thermogenic gas source. In addition, gas compositions from the borehole data (See supporting information Text S2) show presence of higher-order hydrocarbons in most locations. Some of the reflections were patchy and lie deeper than the modeled base of GHSZ for SII composition (Figure 2 a), suggesting higher concentrations of higher-order hydrocarbons than assumed. Apart from the highamplitude reflections indicating accumulation of shallow gas, vertical zones of weak, disturbed seismic signals were also observed ( Figure 2b ). Such regions of highly disrupted seismic signals may indicate upward fluid flow and can be termed as a gas chimney [Løseth et al., 2009; Vadakkepuliyambatta et al., 2013] .
Although the interpreted BSRs occur in many basins of the SW Barents Sea, most of them are small and isolated ( Figure 2c ). This patchy distribution of BSR covers a total area of~275 km 2 . Most of the BSR were located in the Bjørnøyrenna Fault Complex (BFC) and Polheim subplatform close to the Loppa High. Here the largest BSR situated at the western part of Polheim subplatform has a total aerial extent of~100 km 2 . BSR also occur on the Loppa High, Samson Dome, in the Hammerfest Basin, and the Bjørnøya Basin. The interpreted BSR conform with previous BSR observations from the SW Barents Sea [Andreassen et al., 1990; Løvø et al., 1990; Laberg and Andreassen, 1996; Chand et al., 2012; Ostanin et al., 2013] and expand the seismic evidences of gas hydrate occurrence in this area.
Many of the hydrate-related BSR were associated with gas chimneys that have been identified in this region by Vadakkepuliyambatta et al. [2013] (Figure 2c ). These gas chimneys could be acting as pathways for the gas that is accumulating in hydrates once it enters the hydrate stability zone. BSRs are also located close to major structural elements such as structural highs and faults, particularly in the BFC area (Figure 2c) . Recently, many oil and gas discoveries were made in this region which consists of normal faults, deformed fault planes, and reverse faults. Reactivation of these faults took place during Late Cretaceous and Tertiary [Riis et al., 1986] , which may have resulted in spillage of hydrocarbons from traps [Nyland et al., 1992; Henriksen et al., 2011] . The presence of gas chimneys and major structural features close to interpreted BSR emphasizes the importance of gas source and gas composition in the formation of hydrates.
We did not observe seismic evidence for gas hydrate accumulations within the SI methane hydrate stability zone ( Figure 2d and Table S5 ). Relatively shallow depths and high BWTs are the major factors limiting the methane hydrate stability in most parts of the SW Barents Sea. Pure methane hydrates are stable only at a few locations and did not match with interpreted BSR (Figure 2d and Table S5 ). These observations suggest that pure methane hydrates are not widespread in the SW Barents Sea.
However, it must be stated that bad data quality and lack of coverage may have limited the identification of seismic evidences for hydrates, particularly in the northern part of the study area ( Figure S1 ). Due to these reasons, an even wider occurrence of SI and SII methane hydrates cannot be ruled out.
Response of GHSZ to Ocean Warming
The response of the thermogenic gas hydrate system in a very dynamic Barents Sea environment is analyzed based on historic data and future projections (Figure 3 used, the GHSZ thicknesses of both SI and SII gas hydrates increased during the first few decades (Figure 3) . This is primarily due to the bottom water cooling, which is attributed to El Niño event that occurred during 1982-1983 [Ferré et al., 2012] . The GHSZ tends to reduce in thickness until 2060 if all the parameters except the linear increase in BWT are in steady state. The incursion of Atlantic water mass played a major role in the thinning of GHSZ thickness during 1985-2010 period. This is highlighted by the northward migration of cold water front (CWF) (2.5°C BWT contour) (Figure 3 ).
Due to the relatively slow transport of heat through sediments, increase in BWT will not be able to disturb hydrate stability conditions deeper than~80 m below the seafloor in the time period we are considering here (Figures 4a and 4b) . Although pure methane hydrates (SI) are affected most by the ocean warming, as indicated by the aerial extent of hydrate dissociation, both SI and SII hydrates within the upper 70-80 m of sediments could be at risk of dissociation (Figure 4b ). Such top-down hydrate dissociation can occur at shallow water depths (250-350 m) if the temperature variation is significant, as opposed to hydrate dissociation at the base of GHSZ, suggested in West Svalbard margin [Marín-Moreno et al., 2013] . In addition, owing to the variability of gas composition (See Supporting Information S2), a much larger region representing GHSZ, which falls between SI and SII gas compositions (grey region, Figure 4a ), could be potentially affected by warming bottom waters. Over the period of the modeled years, ongoing ocean bottom temperature warming could potentially result in destabilizing gas hydrates close to the seafloor in a large region covering up to 38% of the SW Barents Sea (Figure 4a ), assuming hydrate occurrence at the modeled locations. Considering [Vadakkepuliyambatta et al., 2013] , location of known gas hydrate accumulations [Andreassen et al., 1990; Løvø et al., 1990; Laberg and Andreassen, 1996; Chand et al., 2012; Ostanin et al., 2013] , gas flare locations [Chand et al., 2012] , and major structural elements (black lines) (Norwegian Petroleum Directorate Factmaps, http://npdmap1.npd.no/website/NPDGIS/viewer.htm). (d) Comparison between modeled base of GHSZ and interpreted BSR in seismic two-way time. Model for SI hydrates consistently underestimates the depth of BSR all over the SW Barents Sea (unstable at most of interpreted BSR locations) suggesting widespread existence of higher-order hydrocarbons within the GHSZ (Locations of interpreted BSR are shown in Table S5 ). 
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only the BSR observed in our seismic data that are within the dissociation region, a negligible fraction of the SW Barents Sea (0.03%) will be prone to hydrate dissociation.
Implications
The gas seeps recently detected in the SW Barents Sea [Chand et al., 2012] occur close to the area of SII hydrate destabilization (Figures 3 and 4a) . Some of these gas seeps also occur in the region where hydrates are supposed to be unaffected by warming ocean waters. The discharge of methane gas into the ocean in these locations could be either due to focused fluid flow (e.g., gas chimneys) transporting the gas all the way up to the seafloor similar to those observed at NW Svalbard [Hustoft et al., 2009] , aided by the lack of pure methane hydrate stability conditions, or the result of seasonal BWT variations causing hydrate destabilization (few meters below seafloor) [Berndt et al., 2014] .
Based on the modeling, a significant volume of hydrates could be destabilized due to ocean warming in the SW Barents Sea (Figure 4b ). Assuming a 7% hydrate saturation in the pore space [Laberg et al., 1998 ], 40% porosity, and 94% cage occupancy [Lorenson and Collett, 2000] , up to 93 × 10 9 m 3 of hydrates could dissociate from SI and SII hydrates during the modeled period (Figure 4b ). It represents up to 8 Gt of carbon that could potentially release into the water column. Our estimates provide an upper limit on the amount of hydrate that could be dissociated from the SW Barents Sea using a simplistic scenario without taking into account heat variations due to hydrate formation/dissociation and the transport of free gas through the sedimentary strata [Stranne et al., 2016b [Stranne et al., , 2016a . This augments other studies which analyzed response of methane hydrates to warming ocean waters in the Arctic [Biastoch et al., 2011; Kretschmer et al., 2015 ; Marín-Moreno [Stranne et al., 2016b] . Compared to recent estimations of carbon trapped in hydrates in the Arctic, our estimate of hydrate dissociation from the SW Barents Sea could represent up to~7% of the overall estimate [Kretschmer et al., 2015] . It also represents~15 times the carbon trapped in Vestnesa Ridge [Hustoft et al., 2009] and is 3 orders of magnitude higher than the future emission estimate from offshore Svalbard [Marín-Moreno et al., 2013] . Compared to present-day active seepage offshore Svalbard [Sahling et al., 2014] , our estimate is 5 orders of magnitude higher. Most of the above mentioned studies, however, do not consider how thermogenic gas hydrates could be affected by ocean warming, though it can occupy a much larger region both laterally and vertically in the sediments and could potentially store more carbon than pure methane hydrates. This can be particularly important in the Barents Sea as well as Vestnesa Ridge, Beaufort Shelf, and Kara Sea in the Arctic, where petroleum systems are known to exist [Spencer et al., 2011; Dumke et al., 2016] . The total amount of carbon released during hydrate dissociation is halved if we omit SII hydrates from the hydrate dissociation estimate in the SW Barents Sea.
Most of the observed BSR occur at a depth close to or deeper than the base of GHSZ of SII hydrates (Figures 2  and 3 ). Assuming that most of the upward migrating gas form hydrates at or above the BSR or get trapped under the BSR and no in situ production of methane, it is likely that the hydrate saturation within the sediments would be significantly low in the shallow sediments [e.g., Hustoft et al., 2009] . Thus, it is highly unlikely that significant hydrate dissociation may occur at any of the observed hydrate locations, even though they occur within the area where hydrates are predicted to be destabilized (Figures 3 and 4a ). This implies that the models may overestimate the amount of hydrate dissociation due to ocean warming. Based on this assumption, considering very conservative values for hydrate saturation (1%) and porosity (40%), at least 13 × 10 9 m 3 (~1.2 Gt of carbon) of hydrates could be dissociated from dissociation of SI and SII hydrates.
Although we could not identify any probable hydrate accumulations within the shallow sediments from the seismic data due to limitations in seismic resolution and due to the difficulties associated with directly inferring gas hydrates seismically above the base of the GHSZ, the potential for occurrence of hydrate accumulations within shallow sediments cannot be ruled out.
Conclusions
We provide an integrated analysis of seismic data and transient hydrate stability modeling over the SW Barents Sea during the period 1960-2060, which reveals numerous previously undetected BSR and potential dissociation of hydrate accumulations due to future ocean warming. Most of the observed BSR occur close to the SII GHSZ indicating significant thermogenic gas input into the hydrate stability zone throughout the SW Barents Sea. The distribution of BSR is controlled primarily by focused fluid flow features, such as gas chimneys and faults. A 1°C increase in ocean bottom temperatures over the recent past and future could result in the dissociation of hydrates present in shallow sediments over 0.03-38% of the SW Barents Sea. Our study predicts that~13-93 × 10 9 m 3 (1-8 Gt of carbon) of hydrates could dissociate in the SW Barents Sea over the 100 years. The SW Barents Sea makes for an excellent natural laboratory for hydrate dissociation studies as dynamic ocean circulation could affect up to 7% of the total carbon inventory trapped as hydrates in the Arctic.
